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Hironori Niki and Sota Hiraga and sopB genes form an operon, expression of which
is transcriptionally autoregulated by the cooperativeDepartment of Molecular Cell Biology
function of SopA and SopB proteins (Mori et al., 1989).Institute of Medical Embryology and Genetics
Moreover, the binding of SopA to the promoter regionKumamoto University School of Medicine
of the sopAB operon is stimulated by SopB in vitro. The4-24-1 Kuhonji
harmonious expression of these proteins is essential forKumamoto, Kumamoto 862
accurate partitioning of the F plasmid (Kusukawa et al.,Japan
1987). The purified SopB protein binds to the sopC DNA
region (Mori et al., 1989; Watanabe et al., 1989; Hanai
et al., 1996). The purified SopA protein has an activitySummary
of Mg21-dependent ATPase (Watanabe et al., 1992) that
is stimulated by the addition of double-stranded DNAF plasmid is partitioned with fidelity to daughter cells
and SopB protein. Similar results were described for theduring cell division cycle owing to two trans-acting
ParA and ParB proteins of P1 plasmid (Davis and Austin,genes, sopA and sopB, and a cis-acting site, sopC.
1988; Funnell, 1988; Davis et al., 1992, 1996). Recently,We visualized the subcellular distribution of mini-F-
it was reported that the ATPase activity of P1 ParA isplasmid molecules by fluorescence in situ hybridiza-
not only essential for repression of the parAB operontion. Mini-F-plasmid molecules having the sopABC
but also for some steps in the partitioning process itselfsegment were localized at midcell in newborn cells.
(Davis et al., 1996). Members of the ATPase family, in-Replicated plasmid molecules migrated to cell posi-
cluding F SopA and P1 ParA, have been found in othertions 1/4 and 3/4 without coupling with cell elongation
plasmids (Motallebi et al., 1990).and were tethered to these positions until completion
The sopB homolog, spo0J, in B. subtilis was originallyof cell division. In contrast, molecules of a mini F plas-
identified as a gene regulating sporulation (Mysliwiecmid lacking the sopABC segment were distributed ran-
et al., 1991). A spo0J mutant causes production of adomly in spaces not occupied by nucleoids. The
significant proportion of anucleate cells and is blockedsopABC system caused replicated plasmid molecules
at the onset of sporulation (Ireton et al., 1994). The sojto be positioned and tethered at the cell quarter sites.
gene, homologous to the F sopA gene and in an operon
with spo0J, suppresses the sporulation block of the
Introduction spo0J mutation (Ireton et al.,1994). The replication origin
regions are localized preferentially near each cell pole
Low copy number plasmids, such as the F plasmid (the in vegetatively growing cells (Webb et al., 1997). The
fertility factor of E. coli) and the P1 prophage, which is bipolar localization of the Spo0J protein was observed
replicated as an extrachromosomal element in lysogenic by immunofluorescence microscopy, and Spo0J binds
cells, are stably maintained in host cells during cell pro- to the DNA site in the origin-proximal third of the chro-
liferation through a mechanism for active partitioning mosome (Lin et al., 1997). The ParA and ParB proteins
(NordstroÈ m and Austin, 1989; Hiraga, 1992). The copy of C. crescentus are localized at poles of the cells in a
number of the F and P1 plasmids is stringently con- stage of the cell cycle (Mohl and Gober, 1997). The ParB
trolled, giving only one or two copies per cell (Scott, protein of C. crescentus binds in vitro specifically to a
1984). These plasmids have their own partitioning sys- sequence downstream of the parAB operon, near the
tem controlled by the plasmid-encoded gene products, replication origin of the C. crescentus chromosome.
F SopA/P1 ParA and F SopB/P1 ParB proteins and a Overproduction of ParA and ParB inhibits both cell divi-
plasmid-specific DNA sequence that acts as a centro- sion and chromosome partitioning (Mohl and Gober,
mere-like site on each plasmid. The structure and func- 1997). Thus, the members of the ParA and ParB families
tion of these partition proteins are similar in F and P1 play roles in chromosome partitioning in C. crescentus
plasmids (Motallebi et al., 1990; Hiraga, 1992). Recently, and B. subtilis.
bacterial chromosomal genes homologous to these F and P1 plasmids are stably maintained in a mukB
plasmid genes have been found in Bacillus subtilis, null mutant (Ezaki et al., 1991; Funnell and Gagnier, 1995)
Pseudomonas putida (Ogasawara and Yoshikawa, 1992), that is defective in chromosome partitioning and conse-
and Caulobacter crescentus (Mohl and Gober, 1997). quently produces anucleate cells (nucleoidless cells)
These chromosomal genes form an operon and might upon cell division (Niki et al., 1991). Moreover, the F
play roles for partitioning of the bacterial chromosome plasmid is stably maintained in mukF and mukE null
into both daughter cells (Lin et al., 1997; Mohl and Gober, mutants, which are also defective in chromosome parti-
1997; Webb et al., 1997). It is therefore important to tioning (Yamanaka et al., 1996). F and P1 plasmids are
analyze precisely the molecular mechanism of plasmid partitioned to both nucleate and anucleate cells in the
partitioning as a model system to elucidate the chromo- mukB mutant (Ezaki et al., 1991; Funnell and Gagnier,
some partitioning system. 1995). Therefore, plasmid partitioning is not mediated
In the F plasmid, the sopA and sopB gene products by direct attachment between the plasmid and the
and the cis-acting sopC site that contains twelve 43-bp chromosome, and the mukF, mukE, and mukB gene
direct repeats are essential for the partitioning system products are not essential for active partitioning of these
plasmids.(Ogura and Hiraga, 1983b; Mori et al., 1986). The sopA
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Figure 1. Structure and Stability of Mini F Plasmids pXX704 and
pXX705
(A) Diagrams of structures of the mini F plasmids. Shaded region
indicates the DNA segment derived from the F factor (Kline, 1985).
(B) Cells harboring pXX704 and pXX705 were grown in L medium
with 20 mg/ml ampicillin at 378C and then transferred to nonselective
L medium without ampicillin at zero time. Doubling time was 26 min.
Closed circle, pXX704. Closed triangle, pXX705.
In a hypothetical model for the partitioning of the P1
plasmid (Austin and Abeles, 1983; Austin and Nord- Figure 2. Observation of pXX704 Plasmid DNA Molecules by Fluo-
rescence MicroscopystroÈ m, 1990), plasmid-encoded partition proteins bind
specifically to a cis-acting site and promote pairing of Cells were fixed and treated with the Cy3-labeled DNA probe as
described in Experimental Procedures. (A±C) Cells harboringplasmid DNA molecules via dimerization of the proteins.
pXX704. (D±F) Plasmid-free cells. (A and D) Phase contrast micro-The paired protein±plasmid DNA complexes associate
graphs. (B and E) Fluorescence micrographs for Cy3. The gain ofwith a specific cellular site(s) on the future septation
the micrograph of plasmid-free cells (E) was 10-fold higher than that
plane. The septum is formed between the paired com- of cells harboring pXX704 (B). (C and F) Combined images of the
plexes, so the complexes are separated from each other phase contrast micrograph and fluorescence micrograph. Scale bar
by septation and partitioned into the daughter cells. indicates 1 mm.
Observation of the subcellular localization of plasmid
DNA molecules in host cells is essential to verify this
model of plasmid partitioning. 97% of cells lost the plasmid in 20 generations (Figure
1B). These results confirmed that the sopABC segmentWe report here the subcellular distribution of the mini
F plasmid during the cell division cycle, using fluores- causes stable maintenance of the mini F plasmid in
progeny cells (Ogura and Hiraga, 1983b).cence in situ hybridization (FISH) to visualize specifically
plasmid molecules in the fixed cells. We have found that To observe the subcellular localization of plasmidmol-
ecules, we used a modified method of FISH using athe mini-F-plasmid molecule is localized at midcell in
newborn cells and that replicated plasmid molecules pXX704 DNA probe labeled with the fluorescence com-
pound Cy3-dCTP. We detected an apparent red fluores-are positioned at the 1/4 and 3/4 sites in the cell length
and tethered at these positions until completion of cell cence focus or foci in the cells harboring pXX704 (Figure
2B), but no significant fluorescence focus in plasmid-division. The positioning and tethering of the plasmid
molecules at these specific cellular positions depends free cells (Figure 2E). One or two fluorescence foci were
observed in cells harboring pXX704 (Figure 2C), consis-on the sopABC system.
tent with the copy number of the mini F plasmid, which is
one or two copies per cell. Similar results were obtainedResults
using the pXX704 DNA probe labeled with fluorescein-
11-dUTP (data not shown).Direct Visualization of Mini-F-Plasmid DNA
Molecules by FISH
Two types of derivative of the mini F plasmid, pXX704 Subcellular Distribution of the pXX704 Plasmid
We observed pXX704-harboring cells by FISH. Someand pXX705, were used in this study (Figure 1A). Both
plasmids have the replication origin, ori-2, and the repE short cells in cell length (1.2±1.7 mm, m 5 1.49 mm) had
a single fluorescence focus in the center area of the cellgene essential for replication initiation (Scott, 1984).
Plasmid pXX704 carries the sopA and sopB genes and (Figure 3Aa). Other short cells (1.4±1.7 mm, m 5 1.52
mm) had two foci that were closely localized to eachthe sopC DNA region, whereas plasmid pXX705 lacks
the sopABC segment. When E. coli cells harboring other (Figure 3Ab) or separated (Figures 3Ac and 3Ad).
Long cells (1.8±2.6 mm, m 5 2.17 mm) had two fluores-pXX704 or pXX705 were incubated in nonselective me-
dium without ampicillin, plasmid pXX704 was stably cence foci localized nearly at the cellular positions 1/4
and 3/4 (Figures 3Ae and 3Af). Dividing cells with amaintained in progeny cells and 80% of the cells re-
tained theplasmid after20 generations (9 hr). In contrast, constriction at midcell also had two fluorescence foci
at positions 1/4 and 3/4 (Figure 3Ag). Figure 4A showspXX705 was unstably maintained in progeny cells, and
Active Partitioning of F Plasmid
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Figure 3. Subcellular Localization of Mini-F-
Plasmid DNA Molecules by Fluorescence Mi-
croscopy
(A) Combined images of the phase contrast
micrograph and fluorescence micrograph of
the stable plasmid pXX704.
(B) Combined images of the phase contrast
micrograph and fluorescence micrograph of
the unstable plasmid pXX705.
Scale bar indicates 1 mm.
the subcellular localization of pXX704 DNA molecules Random Distribution in Cytosol Spaces of Plasmid
pXX705 Lacking the sopABC Segmenthybridized with the DNA probe labeled with Cy3 and
localization of nucleoids stained by DAPI. Red fluores- We observed the subcellular localization of the unstable
plasmid pXX705, lacking the sopABC segment, by thecent foci of pXX704 were localized within blue fluores-
cent nucleoids in all cells in various stages of the cell same method of FISH. Fluorescence foci of the pXX705
DNA molecules were localized at one or both cell polesdivision cycle. There were red foci that did not touch
any cells at low frequency. They are probably free probe (Figure 3B). As shown in Figures 4B, 6A, and 6B, the
fluorescence focus was mainly localized in a cytosolmolecules that remained on a poly-L-lysine±coated
glass slide. This type of foci was omitted in the statistical area of a cell pole, that was not occupied by the chromo-
somal DNA, in cells having a single focus. In cells havingexperiments we discuss below. We counted long cells
with a deep septum constriction as one cell in the statis- two fluorescence foci, one focus was localized in a cyto-
sol area of a cell pole and the other focus was localizedtical experiments.
To determine precisely the subcellular distribution of at the same pole or the opposite pole (Figures 4B, 6C,
and 6D). In long cells, 2±3 mm in length, two separatepXX704 molecules, we measured the distance from one
cell pole to the center of each red fluorescence focus nucleoids were present and two fluorescence foci of
Cy3 were observed; one of them was localized at highin a number of cells (Figure 5). In cells having a single
focus, the focus was localized at the central region of frequency in the cytosol space between the nucleoids,
while the other was localized in the cytosol space at athe cell (i.e., within the nucleoid space), but not in the
cytosol spaces of the cell poles (Figures 5A and 5B). cell pole. These results suggest that replicated DNA
molecules of pXX705 were localized randomly in cytosolThe average cell length of cells with a single focus was
1.66 6 0.10 mm, suggesting that these cells were new- spaces, but not in nucleoid spaces. Thus, thesubcellular
distribution of the unstable plasmid pXX705 is markedlyborn or in early stages of the cell division cycle. On the
other hand, in cellswith two fluorescence foci, one focus different from that of the stable plasmidpXX704 carrying
the sopABC segment described above.was localized at the 1/4 position and the other at the
3/4 position (Figures 5C and 5D). It should be noticed
that two foci were already separated from each other Discussion
and localized at the 1/4 and 3/4 positions even in the
short cells of 1.0±1.5 mm (Figure 5C). Moreover, only a We have succeeded in observing plasmid DNA mole-
cules by the modified FISH method in this study andfew cells with two closely located foci, as shown in
Figure 3Ab, were observed (Figure 5C). found that stable mini-F-plasmid molecules having the
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Figure 4. Subcellular Localization of Mini-F-Plasmid DNA Mole-
cules and DAPI-Stained Nucleoids
Combined images of the phase contrast micrograph and fluores-
cence micrograph. Fluorescence micrographs for Cy3 (left row) and
DAPI (right row) in the same field. (A) Cells harboring pXX704. (B)
Cells harboring pXX705. Scale bar indicates 1 mm.
sopABC segment are localized at specific cellular sites,
the 1/4 and 3/4 positions. In contrast, unstable mini-F- Figure 5. Analysis of Subcellular Distribution of the Stable Plasmid
pXX704plasmid molecules lacking the sopABC segment were
randomly localized in cytosolspaces, but not innucleoid Cells harboring pXX704 were fixed and prepared for hybridization
with the Cy3-labeled DNA probe.spaces (Figure 7).
(A) In cells with one Cy3 fluorescence focus, the distance betweenAs shown in Figure 5C, two plasmid molecules were
the center of the focus and the nearest pole was plotted versus celllocalized at the 1/4 and 3/4 positions even in some small
length. The broken line indicates midcell and the solid line indicates
cells, similar to newborn cells in length. This suggests the position of a pole (n 5 200).
that when a plasmid molecule is replicated in an early (B) Histogram of position of the focus in cells with a single focus.
Position of the focus represented a percentage of the cell lengthstage of the cell cycle, the resulting molecules migrate
(n 5 200).at the 1/4 and 3/4 positions without coupling with cell
(C) In cells with two Cy3 fluorescence foci, the position of the focuselongation. Furthermore, the frequency of cells with two
located nearest a pole is plotted as a black circle, and the otherclosely localized plasmidmolecules was very small, sug-
focus is plotted as a red circle versus cell length. The broken line
gesting that plasmid molecules are positioned at 1/4 and indicates midcell and the solid line indicates the position of a pole
3/4 positions for a short time after replication.Replicated (n 5 280).
(D) Histogram of positions of Cy3 fluorescence foci in cells with twomolecules of the stable mini F plasmid migrate to the
foci. Positions of the foci are represented as black and red bars1/4 and 3/4 positions and are tethered there until com-
(n 5 280).pletion of cell division by a mechanism involving the
functions of SopA, SopB, and the cis-acting sopC site.
Therefore, both newborn cells are able to receive at
least one plasmid molecule with high fidelity. The pres- the ATPase activity of SopA homologs (Davis et al.,
1992; Watanabe et al.,1992) suggest an energetic move-ent results are inconsistent with models that plasmid
molecules are localized at the plane of cell division ment of plasmids F and P1, as proposed first in the E.
coli chromosome (Hiraga et al., 1991).through septation.
The mini F plasmids replicate once randomly through The tethering of the plasmid to the 1/4 and 3/4 posi-
tions probably causes an association with the cell enve-all stages of the cell cycle (Helmstetter et al., 1997).
Therefore, replicated plasmid molecules should move lope itself or a peripheral structure via the partitioning
complex, or partisome (Ogura and Hiraga, 1983b), whichto the cell quarter sites independent of cell elongation.
The apparent rapid movement independent of cell elon- involves the plasmid-coded partition proteins and the
sopC site. Because the 1/4 and 3/4 positions are thegation is inconsistent with one concept that the migra-
tion of replicated molecules to cell quarter sites is cou- future cell division site in the next generation, we pre-
sume the possibility that there are specific subcellularpled with cell elongation (Jacob et al., 1963; Austin and
Abeles, 1983). As shown in Figure 5A, there were some structures at the attached sites of the plasmids. The
structure may be related to periseptal annuli (de Boerlong cells having only one focus; perhaps the plasmid
did not replicate yet. This is consistent with the plasmid et al., 1990).
In a minCDE null mutant producing minicells, P1 and Freplication through all stages of the cell cycle (Helmstet-
ter et al., 1997). The rapid movement independent of cell plasmids having their own partition systems were hardly
partitioned to minicells, whereas plasmids lacking theelongation probably occurs after replication. Findings of
Active Partitioning of F Plasmid
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Figure 7. Schema of Subcellular Localization of Plasmids during
Cell Division Cycle
(A) DNA molecules of a plasmid having the partitioning system are
positioned at the 1/4 and 3/4 positions after replication. The plasmid
molecules are tethered in these positions at least until completion of
cell division. Septum forms at midcell. Therefore, resulting newborn
cells have a plasmid in midcell.
(B) On the other hand, DNA molecules of a plasmid lacking the
partitioning system are randomly localized in cytosol spaces, but
not in nucleoid spaces. Closed circles indicate plasmid molecules.
Open and shaded regions indicate nucleoid and cytosol spaces,Figure 6. Analysis of Subcellular Distribution of the Unstable Plas-
respectively.mid pXX705
(A) In cells with one Cy3 fluorescence focus, the distance between
the center of the focus and the nearest pole is plotted versus cell
length. The broken line indicates midcell and the solid line indicates In the case of the bacterial chromosome, a specific
cell length (n 5 198). DNA region(s) to which chromosomal partitioning pro-
(B) Histogram of position of the focus in cells with one focus. Position teins bind presumably exists in the chromosome and
of the focus represented a percentage of the cell length (n 5 198).
plays an important role like a eukaryotic centromere for(C) In cells with two Cy3 fluorescence foci, the position of the focus
positioning of the replicated daughter chromosome atlocated nearest a pole is plotted as a black circle, and the other is
the 1/4 and 3/4 positions. It is yet unknown how plasmidplotted as a red circle versus cell length (n 5 184).
(D) Histogram of positions of Cy3 fluorescence foci in cells with two molecules or chromosomes move respectively in oppo-
foci. Positions of foci are represented as black and red bars (n 5 site directions and are positioned at the 1/4 and 3/4
184). cellular positions and how the driving force is generated.
Bacterial cells presumably have a primitive mitotic appa-
partition system were readily partitioned to minicells ratus involving motor proteins and putative cytoskele-
(Hogan et al., 1982; Eliasson et al., 1992). These results ton-like filaments (Hiraga et al., 1991; Hiraga, 1992). It
are perfectly consistent with our present observations. is not yet clear whether the SopA protein, belonging
Because the minicells are produced near cell poles in to a Mg21-dependent ATPase family, acts as a force
the minCDE null mutant (de Boer et al., 1989), plasmid generating protein in plasmid partitioning.
molecules lacking the partition system and localized in
cytosol spaces of cell poles would be partitioned to Experimental Procedures
minicells. In contrast, plasmid molecules having the par-
tition system are localized at cell quarter positions and Bacteria, Plasmids, and Culture Conditions
An E. coli K-12 derivative, CSH50 [ara (Dlac-pro) strA thi] (Miller,therefore cannot be partitioned into minicells.
1972), was used as host strain for plasmids. The stable mini F plas-Homologs of SopA and SopB are involved in the chro-
mid pXX704 was a derivative of pXX326 (Niki et al., 1988), and themosome partitioning in B. subtilis and C. crescentus
isogenic unstable mini F plasmid pXX705 was a derivative of pXX327(Lin et al., 1997; Mohl and Gober, 1997). However, homo-
(Ogura and Hiraga, 1983a) in which the PvuI±SalI DNA segment
logs of the sopA and sopB genes have not been found containing sopA, sopB, and sopC was deleted. The precise con-
in the complete genomes of E. coli and H. influenzae. struction of plasmid pXX704 was described previously (Niki et al.,
On the other hand, E. coli has the mukE, mukF, and 1988). The EcoRI±BamHI segment containing the lacI gene derived
from pXX703 was ligated with pXX327 (Niki et al., 1988) digestedmukB genes, which are essential for chromosome parti-
with EcoRI and BamHI, yielding pXX705. Both plasmids pXX704tioning (Niki et al., 1991; Yamanaka et al., 1996). Homo-
and pXX705 lack the ccdA and ccdB genes, responsible for postseg-logs of these genes have also been found in H. influen-
regational killing of plasmid-free segregants (JaffeÂ et al., 1985); plas-zae, but not yet in other bacteria, including B. subtilis
mid-free segregants can therefore grow in nonselective medium
and C. crescentus. sopA and sopB homologs may not without ampicillin. The cells were cultivated at 378C in M9 medium
be necessary for chromosome partitioning in E. coli and (Miller, 1972) supplemented with glucose (0.5%), proline (50 mg/ml),
H. influenzae, because of the presence of mukF, mukE, and thiamine (2 mg/ml) for FISH. Under growing conditions, the
doubling time of CSH50 cells was 55 min. Ampicillin (20 mg/ml) wasand mukB.
Cell
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